A comparative study on the sensitivity of erythrocytes from different vertebrate species (avian, mammalian and reptilian) to the hemolytic action caused by cardiotoxin isolated from Naja naja atra venom was carried out. Cardiotoxin was able to induce direct hemolysis in washed erythrocytes from several animals, except for llama. The EC50 values from hemolysis of the most sensitive (cat) and the most resistant (snake) animal varied approximately tenfold. According to the cell behavior, it was possible to characterize four types of behavior: The first was observed in cat, horse and human cells; the second in rat, rabbit and dog erythrocytes; and the third only in llama erythrocytes, which were resistant to cardiotoxin concentrations up to 300 µg/ml. Finally, avian and reptilian erythrocytes were more resistant to cardiotoxin III-induced hemolysis than those of the mammalian species.
INTRODUCTION
Cardiotoxins (CD) constitute a large family of small (60-62 amino acid residues) basic peptides present in the venoms of cobras (genera Naja and Hemachatus). Most of these venoms possess up to five homologous cardiotoxin polypeptides. Near 50 CD analogs have been purified and sequenced, and the tridimensional structure of some of them has been determined (2, 15) . The gross structures of these CDs are considered to be similar, consisting of three extended loops radiating from a central core containing a cluster of four disulfide bonds ("three-fingered fold"). These loops are characterized by a two-stranded β-sheet configuration near the N-terminal end (loop 1) and a three-stranded β-sheet configuration next to it (loop 2 and loop 3).
Cardiotoxins are known to cause multiple biological effects, such as hemolysis, local inflammation, depolarization, and contracture of smooth, skeletal and cardiac muscles (2, 5, 6, 10, 18, 22) . In vitro, CDs can bind strongly to zwitterionic or acidic phospholipids, resulting in aggregation/fusion of phospholipid vesicles (3) , and are able to cause lysis of different types of cells, within a distinct range of concentrations, presumably by disarranging the structure of membrane lipids. However, it is not clear how these interactions are related to their different biological activities.
Sensitivity to CD-induced hemolysis can be used to investigate some properties of erythrocytes from different species. However, two important facts must be considered. The first one is that although all CDs are able to produce almost all the above-mentioned effects, some of them are more efficient to produce fusion of phospholipid vesicles and depolarization of muscular cells, while others present a higher hemolytic activity (2, 3, 18) . Therefore, the source and purity of the CD to be employed must be specified. The second fact is the contamination with phospholipase A 2 , which constitutes a major problem in assaying the hemolytic activity of cardiotoxins (12), since this enzyme is known to have a synergistic effect on CD-induced hemolytic activity (5, 20) .
The venom of Naja naja atra (Taiwanese cobra) contains a high amount of cardiotoxins, which account for about 45% of the dried venom mass. Four or five homologs (I to V) have been purified and sequenced. Cardiotoxins I-IV are 60 amino acid residues peptides with different amino acid sequences (3, 15) , while CD V is a 62 amino acid residues peptide, previously called "cardiotoxin-like basic peptide" (CLBP 3). The isoform with higher hemolytic activity is the 60 amino acid residues peptide CD III, the only protein characterized by the presence of proline (Pro) at the 
MATERIALS AND METHODS

Venom
Venom of Taiwanese cobra Naja naja atra was purchased from Miami Serpentarium (Punta Gorda, FL).
Purification of cardiotoxin isoform III
One gram of venom was dissolved in 10.0 ml of 50 mM sodium phosphate buffer, pH 7.5, and centrifuged for 10 min at 5000 r.p.m. In step 1, the supernatant was carefully aspired and applied to a 35x2.6 cm column of SP-Sepharose FF, pre-equilibrated with 50 mM sodium phosphate buffer, pH 7.5, at 23ºC. Elution was started with the same buffer until the absorbance A280 of the eluate returned to the baseline. The column was then eluted stepwise with 0.1 M NaCl, 50 mM sodium phosphate buffer, pH 7.5; the "cardiotoxin" fraction was eluted with 0.5 M NaCl, 50 mM sodium phosphate buffer, pH 7.5. The "cardiotoxin" fraction (approximately 380 mg) was concentrated by ultrafiltration using a YM-3 Amicon membrane, desalted by chromatography on a Sephadex G-25 column, and lyophilized. In step 2, the lyophilized material from step 1 was dissolved in 10.0 ml of 50 mM sodium phosphate buffer, pH 7.5, and applied to a 40x1.6 cm column of SP-Sepharose FF, preequilibrated with the same buffer. Elution was performed using a FPLC (Pharmacia) equipment with 50 mM sodium phosphate buffer, pH 7.5, and 5.0-ml fractions were collected at a flow rate of 0.5 ml/min. Cationic proteins were eluted by means of 400 ml of a linear gradient (0-0.5 M) of NaCl in 50 mM phosphate buffer, pH 7.5.
Cardiotoxin isoform III (approximately 120 mg) was eluted at about 0.27 M NaCl; fractions under the peak were combined, concentrated by ultrafiltration, desalted, and lyophilized as described above.
In step 3, the material recovered from step 2 was rechromatographed on the same system. The final yield of solid material was 110 mg.
SDS-PAGE of the purified cardiotoxin isoform III (CD III) yielded a single band with mobility corresponding to a molecular weight of 6500 ± 300. On the other hand, SDS-PAGE analysis of the native protein in a reverse polarity system (β alanine-acetate, 
Hemolysis analysis
Blood samples were collected in glass tubes containing heparin (lithium salt) as anticoagulant and transported to the laboratory in polyestyrene boxes on crushed ice for conservation. Samples were centrifuged for 10 min at 800 rpm; the plasma and For hemolysis experiments, triplicate samples containing 250 µl of washed red blood cell suspensions were incubated with different concentrations of CD III (1-100 µg/ml) in 1.0 ml (final volume) of PBS. The samples were incubated at 25°C with gentle stirring. After 60, 90, 120, 150, and 180 min incubation, they were centrifuged for 20 min at 8000 rpm. Aliquots (100 µl) of the supernatants were mixed with 900 µl of either distilled water or Drabkin solution, and the absorbance at 540 nm was determined. A negative control (0% hemolysis) was prepared by mixing 250 µl of RBC suspension with 750 µl PBS, pH 7.0, without cardiotoxin, and a positive control (100% hemolysis) was prepared using 250 µl of erythrocyte suspension and 750 µl of PBS plus 0.1% Triton X-100.
Statistics and data analysis
The mean absorbance for each cardiotoxin concentration (mean ± SD) was employed to produce plots of percentage of hemolysis as a function of cardiotoxin concentration for each species. Curve fitting and nonlinear regression analysis were performed using the combined Prisma-Stat Mate software (GraphPad Software, San Diego, CA). For the different species studied, experimental data were fitted to a standard equation for a sigmoidal dose-response curve (Equation 1):
(log EC50 -log CD)
Or to a four-parameter logistic equation, representing a sigmoidal dose-response curve with a variable slope (Equation 2):
(log EC50 -log CD).nH
Where Plateau L stands for the percentage of hemolysis at the bottom plateau;
Plateau H represents the percentage of hemolysis at the top plateau; log EC50 is the logarithm (base 10) of the CD concentration, which results in a percentage of 
RESULTS
With the types of erythrocytes tested, the amount of hemoglobin released after 60 min incubation with different concentrations of CD III did not increase with time, thus interaction with CD and the consequent membrane damage was complete in 60 min and did not progress, suggesting further kinetic effects. Curves of the degree of hemolysis as a function of the CD III concentration for each species tested are shown in Figures 1, 2 and 3 . Except for the Lama glama erythrocytes, CD III was able to induce direct hemolysis in washed erythrocytes from several mammalian, avian and reptilian species.
As shown in Table 1 µg) results in a high degree (>95%) of hemolysis. Thus, the dose-effect curve exhibits a high positive Hill coefficient (n H = 8.5 ± 3.5) and an EC50 value of 26.5 ± 1.7 µg/ml = 3.9 (± 0.25) x 10 -6 µg. were observed in cat, human and horse erythrocytes, followed by rabbit, rat, and finally dog erythrocytes. While these results partially agree with previous reports (7, 8, 11, 14, 16, 22) , they differ in regard to relative sensitivities. Condrea et al. (9) found that guinea pig and dog erythrocytes were more sensitive to the hemolityc action of
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Hemachatus haemachatus venom, while human and rabbit erythrocytes have a moderate susceptibility. Conversely, Klibansky et al. (16) reported that, at 200 µg/ml, the "Direct Lytic Factor" (DLF) isolated from H. haemachatus venom was able to cause no more than 10% hemolysis in human red blood cells, while dog erythrocytes were more resistant to the cardiotoxin action. Possible differences from the results presented here may be due to the use of a different cardiotoxin.
It must be pointed out that the curves presented above express the degree of 
